ADE-FDTD Analysis of Lasing Dynamics in Cholesteric Liquid Crystal as a Chiral Photonic Media

Introduction
Cholesteric liquid crystals (CLCs) have chirality in their molecular structures and form a periodic helical structure in a self organized manner. In case the pitch of the helix of CLC is in the range of the wavelength of light, CLC selectively reflects part of the incident light in a certain manner. Therefore, CLCs can work as photonic crystals (PCs). Kopp and his coworkers have succeeded in obtaining band edge lasing from dye-doped CLCs [1] . Since then, numerous studies have been carried out. Lasing from CLC shows following various remarkable characteristics [2] . Lasing wavelength can be tuned via pitch of the helix of CLCs. Lasing emission is circularly polarized with the same handedness of CLC helix. Threshold for the lasing is quite low.
To lower lasing threshold has been the main subjects in this research field. Pursuing much lowered lasing threshold, various device designs such as introduction of various types of defects and multilayered system have been proposed and tested. Refining device architecture may realize further lowering of the lasing threshold, which motivated us to develop a numerical procedure for the analysis of lasing dynamics in CLC as a chiral photonic media. We have recently reported on the numerical simulation of lasing dynamics in CLC as a distributed feedback (DFB) laser cavity on the basis of auxiliary differential equation finite-difference time-domain (ADE-FDTD) method [3] . We have successfully reproduced experimentally observed results such as band edge lasing and circularly polarized lasing etc. We have also discussed about the utility of our procedure for the design of laser device architecture with lowered lasing threshold. Here we show detailed results of our recent work.
Numerical Analysis
We have analyzed lasing dynamics in CLC following the ADE-FDTD scheme developed by Jiang and Soukoulis for the analysis of random lasing [4] . In this technique, FDTD method is coupled with ADEs such as rate equation in a four-level energy structure and the equation of motion of polarization. Numerical procedures of ADE-FDTD method for the analysis of lasing dynamics are schematically summarized in Fig. 2 .
In order to deal with chiral photonic media like CLCs, dielectric permittivity of the medium has to be treated as a tensor and the major axis of the tensor should be rotated gradually. Introduction of various defects can be made easily by locally (discontinuously) changing rotation angle of the major axis. 
Results and Discussions
Above certain threshold pumping, steady state sinusoidal responses are obtained (Fig.3 (a) ). There exists quarter wavelength phase shift between orthogonal electric field components (Fig.3 (b) ), which implies that emission is circularly polarized. Fourier-transforming time-windowed steady state response gives a sharp lasing emission at the edge of the stop band (Fig.4) . By plotting emission peak intensity as a function of pumping rate, one can evaluate the threshold pumping rates for the lasing.
From time-dependent spatial distribution of electric field components, it has been shown that electric fields are standing wave with quarter-wavelength phase shift between orthogonal field components in CLC laser cavity (Fig.5 (a) ). On the other hand, circularly-polarized emission was obtained out of CLC cavity (Fig.5 (b) ).
By introducing twist-defect [5] , we have obtained defect-mode-lasing with lower threshold than that of bulk CLC. Spatial distribution of electric fields shows that electric fields are strongly confined at the place twist-defect is introduced (Fig.6) , which might explain why we can obtain lower threshold lasing in twist-defect-mode lasing.
Conclusions and Perspectives
We have demonstrated ADE-FDTD analysis of lasing dynamics in CLC as a chiral photonic media. Our method can be utilized to make more efficient device architecture for much lowered lasing threshold and also can be used for the deeper understanding of underlying mechanism of CLC laser.
